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Introduction {#sec1}
============

Proliferative and invasive tumors evolve heterogeneously in a tissue microenvironment ([@bib24]). Such heterogeneity contributes to patient variability in rates of tumor growth, proliferation, metastasis, and susceptibility to anti-cancer therapies ([@bib58]); critically, tumor heterogeneity can mislead diagnosis and treatment. Next-generation sequencing has identified cancer-related genetic alterations ([@bib13], [@bib16]) that, however, showed low congruence with disease prognosis or diagnosis ([@bib48]). At the transcriptomic level, a 50-gene expression pattern has been created to classify distinct subtypes of breast cancer (BC; PAM50-subtypes), including basal-like/triple-negative (BLBC/TNBC), luminal-A and -B, Her2+, and normal-like BC ([@bib38]). However, these gene-expression signatures are insufficient to discriminate, within single PAM50-subtypes, BC patient subpopulations having different clinical outcomes, particularly subpopulations with highly proliferative and invasive tumors and poor prognosis.

Yates et al. used multi-region genome sequencing to reveal genetic aberrations that define subclonal heterogeneity across different isolates from a single tumor ([@bib58]). To dissect this intra-tumor heterogeneity, substantial efforts, such as xenotransplantation amplification of tumor fractions or genome-wide screening of huge numbers of samples are necessarily employed to identify particular aberrations driving proliferative or invasive subclones ([@bib35]). Gatza et al. introduced an integrated genomics method that identifies drivers of proliferative tumors in luminal BC subtype ([@bib14]). This approach identifies copy-number aberrations of tumor-essential genes whose subtypic expression patterns correlate with oncogenic pathway activity. A genome-wide RNAi screen further validated these driver genes that are essential for cell viability in an oncogenic pathway-dependent manner. However, these RNAi data that indicated gene-specific effects on BC cell viability were obtained from immortalized cell lines; hence, the data have limited clinicopathological accuracy.

Proteins are the actual disease executors; thus, mass spectrometry (MS)-based quantitative proteomics is widely used to analyze genome-wide, differentially expressed proteins in tumor versus healthy cells. However, the limited sensitivity of MS instruments often yields bulk measurements averaged over different cell types in a tissue, obscuring protein changes that precisely define a tumor phenotype. Some researchers employ laser-capture microdissection (LCM) to enrich tumor cells, followed by MS to define the tumor-specific proteome ([@bib28]). However, the LCM-MS technique is not amenable to routine clinic sampling because processing of small, heterogeneous biospecimens is expensive, low-throughput, and plagued by sample-to-sample variability ([@bib28]).

Evidently, chromatin state aberrations that stem from complex interactions between gene susceptibility and environmental perturbation drive the heterogeneous evolution of proliferative and invasive tumors ([@bib3], [@bib11], [@bib18], [@bib53]). During tumorigenesis, the chromatin states associated with particular genes are dynamically regulated in a cell-type-specific manner via interactions with various transcription factors, histone modifiers, chromatin regulators, and chromatin-remodeling enzymes that, together, constitute epigenetic regulatory proteomes (epiproteomes) ([@bib22]). To identify the constituents of these tumor-phenotypic epiproteomes *in situ*, we applied our chromatin activity-based chemoproteomics (ChaC) method ([@bib27]), a breakthrough functional proteomic technology. ChaC employs UNC0965 ([@bib23]), a biotin-tagged small molecule ([@bib51]) that specifically binds the enzymatically active form of the histone lysine methyltransferases G9a and G9a-like protein (GLP). The enzymatic activity of G9a is directly correlated with its oncogenic function in tumor cells ([@bib51], [@bib55]), wherein G9a interacts with specific chromatin proteins to drive tumorigenesis ([@bib49]) and metastasis ([@bib10], [@bib45]). Until now, and primarily by clinically incompatible co-transfection and co-immunoprecipitation (IP) approaches, only a few G9a interactors have been characterized, one-gene/protein-at-a-time, for their roles in cancer ([@bib31], [@bib45]). Furthermore, conventional antibody-based immunoprecipitation (IP)-MS approaches ([@bib21], [@bib32]), which capture protein complexes based on epitope abundance, cannot discriminate IP complexes from tumor and non-malignant cells in a tissue. Our G9a ChaC probe UNC0965 is superior to any antibody-dependent, abundance-based IP approaches because it enables a specific, one-step sorting of the protein complexes associated with oncogenically active G9a/GLP separate from less enzymatically active G9a in other cell types in a tissue, especially non-malignant cells. ChaC-MS analysis revealed that the compositions of UNC0965-captured epiproteomes represent the proliferative or invasive potential of a patient tissue. For the first time, with higher sensitivity, specificity, and reproducibility, and directly from clinical specimens, ChaC identified multiple G9a-interacting proteins that function in concert as candidate tumor-phenotypic determinants or drivers.

Despite this advance, current search engines for MS data-dependent protein identification use only one individual\'s genomic sequence as Ref-seq, so that information about individual patient\'s (*individualized*) protein aberrations is missing for all ChaC MS-identified G9a/GLP interactors. Conversely, genome-wide studies of two large BC patient cohorts, TCGA ([@bib8]) and METABRIC (Molecular Taxonomy of BC International Consortium) ([@bib9]), have correlated *individualized* transcriptomic/genomic aberrations with clinical/pathological data from \>2,600 patients with BC. *To identify which G9a/GLP interactors possess the characteristics of the individual patients with proliferative or invasive tumors,* we retrospectively analyzed ([@bib52]) both TCGA and METABRIC data to identify individualized aberrations of genes that encode luminal- or BLBC-specific G9a/GLP interactors. We then identified particular G9a/GLP interactor genes that showed individualized [i]{.ul}nteraction-[C]{.ul}orrelated [M]{.ul}ulti-omic [A]{.ul}berration [P]{.ul}atterning, or iC-MAP, in which the G9a/GLP affinities of these UNC0965-captured proteins correlate with genomic or/and transcriptomic aberrations of their encoding genes. Kaplan-Meier (KM) survival analyses further distinguished, from \>18,000 genes, patient mRNA overexpression patterns or copy-number aberrations of those interactor genes that are of prognostic value. As a result, particular interactor genes that were amplified uniquely in highly proliferative luminal patients or patients with invasive BLBC/TNBC were identified as determinants or drivers of proliferation or invasion based on their G9a/GLP affinity-correlated alterations in mRNA expression, DNA copy numbers, and/or proliferation score in patient subsets with poor prognosis. This ChaC-based iC-MAP paradigm is generally applicable to dissect *real-time* heterogeneity of any tumor types and identify *in situ* tumor-phenotypic drivers (proteins) that represent individualized diagnostic/prognostic markers and new druggable targets.

Results {#sec2}
=======

iC-MAP Identifies Drivers of Proliferative and Invasive Breast Tumor {#sec2.1}
--------------------------------------------------------------------

As shown in [Figure 1](#fig1){ref-type="fig"}A, ChaC with UNC0965 sorts *in situ* and identifies candidate drivers in their oncogenically active states, i.e., within G9a/GLP-interacting epiproteomes, directly from patient tissues without diluting information about proliferation lesions or tumor invasiveness. We compared multiple BC cell lines and primary tissues of similar PAM50 subtypes to determine the specificity of UNC0965 ([@bib23]) in dissecting the intra-tumor heterogeneity, i.e., sorting an oncogenically active G9a/GLP-interacting epiproteome from a heterogeneous tissue. Following label-free quantitation (LFQ)-based MS characterization of the composition of UNC0965-captured epiproteomes, we applied the Perseus method ([@bib50]) that has built-in multiple testing to determine statistically significant LFQ ratios (FDR \<0.05); PAM50-subtypic G9a/GLP interactors are those that show quantitatively correlated LFQ ratios in protein affinities to G9a/GLP regardless of the prevalence of a phenotype in a heterogeneous tissue or in a homogeneous cell line. Next, we used TCGA ([@bib8]) and METABRIC patient databases to retrospectively identify personal proteo-transcriptomic and proteo-genomic links ([@bib52]) for the genes PAM50-subtypic G9a/GLP interactor genes. PAM50-subtypic drivers of proliferative or invasive breast tumors were identified as interactor genes that showed correlated multi-omics aberrations in, e.g., mRNA expression, DNA copy numbers, and/or proliferation score in patient subsets with poor prognosis.Figure 1Dissection of the Tumor-phenotypic Heterogeneity by iC-MAP(A) Schematic iC-MAP design. "CNA" refers to copy-number amplifications.(B) UNC0965-precipitation-PCR shows that, in different BC subtypes, G9a/GLP is *differentially* enriched or activated in the chromatin associated with tumor suppressor genes *DSC3* (left) and *maspin* (right). UNC0965 pulls down the enzymatically active G9a/GLP with associated DNA. qPCR indicates the differentially active G9a in different BC subtypes and the G9a methylation activity is gene specific.(C) Immunoblotting analysis of G9a abundance in the protein mixture captured by UNC0965 or the G9a-negative probe UNC125 in the adjacent non-malignant ("N") tissue versus tumor tissues of either luminal (Lum "LP") or basal (BLBC "BP") patients.(D) Gene-specific G9a/GLP epiproteomes are differently assembled in different BC PAM50 subtypes. BCC, breast cancer cells; BCT, breast cancer tissues. (Left) A plot of basal/luminal LFQ ratios of UNC0965-captured proteins from the BCCs versus BCTs of similar PAM50 subtypes. (Middle and right) The volcano plots of the interactors identified in a series of BCC lines and BCTs showing either BLBC/basal- or luminal-specific UNC0965/G9a affinities correlated with the log2 LFQ ratios (basal-like/luminal) normalized against the ratios from adjacent non-malignant tissues. Proteins that show log2 LFQ ratios \>1 or \< −1 and -log10 p value \>1 are putative BC subtypic interactors of statistical significance.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}; [Table S1: Quantitative assessment of basal and luminal subtype specific G9a interactors, Related to Figure 1](#mmc2){ref-type="supplementary-material"}, [Table S2: 30 known core and subtype specific components of G9a binding proteins, Related to Figure 1](#mmc3){ref-type="supplementary-material"}, [Table S3: UNC0965 Pulldown LFQ results from breast cancer cell lines, Related to Figure 1](#mmc4){ref-type="supplementary-material"}, [Table S4: UNC0965 Pulldown LFQ results from breast cancer tissues, Related to Figure 1](#mmc5){ref-type="supplementary-material"}.

The G9a ChaC Probe Captures BC Subtypic G9a Interactors {#sec2.2}
-------------------------------------------------------

We first determined the genomic occupancy of the G9a/GLP-interacting epiproteomes in different BC PAM50 subtypes. We used UNC0965 ([@bib23]) immobilized on NeutrAvidin agarose beads to capture the G9a epiproteomes and their bound DNA elements from non-malignant (HMEC or MCF10A), the PAM50 luminal-subtype (T47D or MCF7), and the basal-like subtype (MDA231) BLBC cell lines. We did not detect any differences for capture using a G9a/GLP-negative probe (UNC125). However, compared with non-malignant mammary cells, PCR amplification of the UNC0965-captured genes revealed that G9a was specifically enriched within the chromatin of tumor suppressor genes, such as DSC3 and maspin, in the malignant/tumor cells, and more so in the basal subtype ([Figure 1](#fig1){ref-type="fig"}B). Thus, the methylation/enzymatic activity of G9a/GLP *differs* within the chromatin of genes that show differential expression in either non-malignant versus malignant cells or in different BC subtypes. This result agrees with previous findings. DSC3 is an anti-metastatic tumor suppressor with significantly diminished expression in breast tumor cells ([@bib37]), as its associated chromatin had increased CpG DNA methylation and H3K9me2 catalyzed by the heterodimer G9a/GLP complex ([@bib51], [@bib55]). Maspin inhibits invasiveness and motility of mammary carcinoma ([@bib56]). The maspin gene also carried pronounced H3K9me2 in MDA231 but not in the non-malignant HuMEC ([@bib55]). These results indicated that (1) in malignant or invasive BC subtype, G9a/GLP is more oncogenically active or more enriched in the transcriptionally silenced chromatin of tumor suppressor genes and (2) UNC0965 can pull down the oncogenically active G9a/GLP and associated protein complexes specifically from the chromatin harboring aberrantly silenced genes in distinct tumor phenotypes; ignored are the same genes in other chromatin states in non-malignant cells or in other cell types.

We then compared the composition of the UNC0965-captured epiproteomic complexes from a cell line series containing homogeneous representatives of nonmalignant mammary epithelial cells (HuMEC or MCF10A), PAM50-luminal (BT474, T47D, and MCF7), and PAM50-BLBC (MDA231, HCC1806, and SUM159) subtypes. To ensure that our ChaC scheme is readily applicable to any clinical specimen, we coupled on-beads sampling/processing with LFQ, so that all ChaC experiments were performed on a clinical sample scale of 60--100 μg total protein mass per nLC-MS/MS run. Following repeated washing to remove non-specific proteins, and on-beads tryptic digestion, we performed nLC-MS/MS experiments on each UNC0965 pull-down for two to three biological replicates, each with three technical replicate runs. In each UNC0965 pull-down from a PAM50 subtype, G9a and GLP were unambiguously identified by 30--50 unique MS/MS-sequenced peptides. To distinguish genuine G9a-interacting epiproteomic components, we filtered non-specific associates by comparing the proteins captured by UNC0965 with proteins acquired in UNC125 or mock pull-downs (empty NeutrAvidin beads). The LFQ ratios (peak intensities) of proteins in the UNC0965-captured complexes from any paired cell line correlated with the relative G9a/GLP affinities of these proteins in these cell types. Based on their affinity-correlated LFQ ratios, we identified major clusters of G9a/GLP-associated proteins that had significantly increased affinities to UNC0965 and no binding to empty beads ([Figure S1](#mmc1){ref-type="supplementary-material"}A and [Table S1](#mmc2){ref-type="supplementary-material"}). With respect to their associations with UNC0965 in the non-malignant cells, the majority of UNC0965-captured proteins showed quantitatively correlated G9a/GLP affinities in similar luminal- or BLBC-subtypic cell lines, i.e., the LFQ ratios of these proteins were correlated in MCF7 versus T47D or in MDA-MB-231 versus SUM159 (Pearson correlation coefficient 0.73), indicating that the G9a/GLP-interacting epiproteomes are assembled in a BC-subtypic manner ([Figure S1](#mmc1){ref-type="supplementary-material"}B, [Table S2](#mmc3){ref-type="supplementary-material"}). Among these ChaC-identified proteins, we found many known components of multiple epiproteomic complexes ([@bib36], [@bib44], [@bib54], [@bib2]). Also, in agreement with a previous report ([@bib45]), we found that GATA3 enhanced its interaction with G9a in luminal BC cells, whereas MTA2 was associated with G9a more specifically in BLBC cells. By identifying these chromatin regulatory complexes known to be associated with G9a, we demonstrated the specificity of UNC0965 in capturing endogenous G9a epiproteomes assembled into gene-specific, oncogenically silenced chromatin characteristic of different BC subtypes. Technically, the gene specificity of UNC0965-captured epiproteomic complexes renders ChaC superior to any abundance-based IP-MS approaches ([@bib21], [@bib32]).

ChaC-MS Identifies *In Situ* Oncogenic-active G9a Interactors Critical for Tumor Cell Viability {#sec2.3}
-----------------------------------------------------------------------------------------------

To confirm the unique ability of ChaC to sort and characterize a pathologically relevant, G9a-associated epiproteome whose composition defines the predominant tumor phenotype in a heterogeneous tissue, we performed similar cross-referencing LFQ experiments ([@bib52]) with ChaC and various PAM50-subtypes from different sample types, i.e., cell lines and tissues. These samples included the aforementioned cell line series plus four frozen clinical specimens including tumor tissues with molecular classifications of similar PAM50 subtypes (and adjacent nonmalignant tissue).

In the UNC0965-captured protein complexes we observed higher G9a abundance in luminal or basal patients, whereas no G9a was detected by immunoblotting against G9a antibody in either adjacent non-malignant tissue or the protein mixtures that were pulled down by the G9a-negative probe UNC125 ([Figure 1](#fig1){ref-type="fig"}C). These results confirmed that UNC0965 pulls down specifically G9a/GLP and its activity-based interactors in the proliferative or the invasive tumor cells, avoiding other cell types or non-malignant cells in which G9a is less enzymatically active.

LFQ ratios are proportional to the G9a/GLP affinities of the captured proteins. Thus, the UNC0965-captured proteins that show cross-referenced LFQ ratios among cell lines versus tissues, or among tissues of similar PAM50 subtypes ([@bib52]), should be the G9a/GLP-interacting proteins characteristic of tumor cells that are the predominant population. Accordingly, we used the Perseus method ([@bib50]) to analyze the PAM50-subtypic compositions of UNC0965-captured epiproteomes. Among 294 proteins in common in all cell lines (n = 6) ([Table S3](#mmc4){ref-type="supplementary-material"}) and tissues (n = 4) ([Table S4](#mmc5){ref-type="supplementary-material"}, [Figure S2](#mmc1){ref-type="supplementary-material"}A), with three liquid chromatography-tandem mass spectrometry (LC-MS/MS) technical replicates for each of two biological replicates, 154 UNC0965-captured proteins showed similar, statistically significant G9a/GLP affinities in the tissues versus the cell lines of similar PAM50 subtypes, with respect to either non-malignant MCF10A or non-malignant tissues. As indicated by the LFQ ratios that correlated across both cell line and tissue origin (Pearson correlation coefficient at 0.66) ([Figure 1](#fig1){ref-type="fig"}D, left), one luminal-specific cluster of eighty-four proteins ([Figure 1](#fig1){ref-type="fig"}D, left, lower-left quadrant) showed increased UNC0965 affinity specifically in the luminal subtype but decreased affinity in the BLBC subtype; another BLBC-specific cluster of seventy proteins showed an opposite UNC0965-binding pattern ([Figure 1](#fig1){ref-type="fig"}D, left, upper-right quadrant). In a high confidence with false discovery rate of \<5%, we identified fifty-eight luminal ([Figure 1](#fig1){ref-type="fig"}D, left, blue dots) and forty-four BLBC ([Figure 1](#fig1){ref-type="fig"}D, left, red dots) G9a/GLP interactors. Thus, the PAM50-subtypic G9a affinities of many epiproteomic components were consistently preserved, representing the predominant tumor phenotype, with minimum sample-to-sample variability, in both homogeneous cell lines and heterogeneous clinical tissues. Also, by LFQ-assisted LC-MS/MS, the compositions of G9a/GLP interactomes were identified with PAM50-subtypic characteristics, i.e., G9a/GLP interacts with subtype-unique chromatin proteins in different BC subtypes.

Bypassing tedious LCM tumor cell sorting or xenotransplantation, UNC0965 can sort/enrich *in situ* the oncogenically active G9a/GLP interactors that represent a single, predominant tumor phenotype in a heterogeneous tissue. Thus, ChaC exhibits high pathological accuracy in identifying candidate oncogenic drivers. Based on statistically significant LFQ ratios that correlated with increased UNC0965 binding of MS-identified proteins, we identified 138 BLBC/basal and 129 luminal G9a interactors ([Figure 1](#fig1){ref-type="fig"}D). Functional category/network analysis revealed that these BC-subtypic G9a interactors over-represented major pathways/sub-networks associated with RNA processing, translation initiation and elongation, ribosome biogenesis, RNA splicing, and RNA metabolism, consistent with the view that these interactors are candidate drivers of tumor growth and proliferation/invasion ([Figure 2](#fig2){ref-type="fig"}). Lastly, results of immunoblotting experiments were consistent with MS/MS experiments, i.e., we compared the level of UNC0965-captured G9a/GLP from different BC subtype cell lines versus HuMEC. UNC0965 pull-downs from equal amounts of each cell line had higher amounts of G9a(EHMT2)/GLP(EHMT1) in either the basal (long or short forms of G9a/GLP) or the luminal subtypes compared with HuMEC cells for which no G9a/GLP was detected ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Also, no UNC0965/G9a-interacting proteins were detected in the UNC125-captured protein mixtures.Figure 2Functional Category/Network Analysis of BC-subtypic G9a Interactors(A) Functional categorization of luminal- or BLBC-specific G9a interactors.(B) STRING network involving the proteins showing luminal- (left) or Basal/BLBC (right)-specific enhancements in their affinities to G9a (luminal or BLBC/basal G9a interactors).

Identification of Oncogenic-active G9a Interactors with Multi-omics Aberrations {#sec2.4}
-------------------------------------------------------------------------------

Using TCGA ([@bib8]) and METABRIC ([@bib9], [@bib39]) databases, we analyzed the *individualized* frequency of various types of patient-specific aberrations of genes that encode PAM50-subtypic G9a interactors. These datasets contain two large independent cohorts of \>2,600 patients with five subtypes classified by PAM50 ([@bib38]) and information about mutations, copy-number aberrations, mRNA expression, and associated clinical/pathological data (stages/grades and relapse status). The TCGA project analyzed 816, mainly American, patients with BC with 590 luminal A/B subtypes and 136 BLBC/TNBC subtypes. The METABRIC database contains 1866 Canadian and European patients with BC with 1,127 luminal A/B subtypes and 198 BLBC/TNBC subtypes.

First, we found that the mutation frequencies for most interactor genes were extremely low in the TCGA patient pool, i.e., less than 5% of patients with BC had somatic mutations in G9a interactor genes, except for *GATA3* ([Table S5](#mmc6){ref-type="supplementary-material"}). Clearly, somatic mutations had little impact on the oncogenic activities of G9a interactors.

Next, we compared the mRNA expression of interactor encoding genes (downloaded as *Z* score values from the cBioPortal for Cancer Genomics: <http://www.cbioportal.org/>) between BLBC/basal and luminal A/B TCGA patients ([@bib8]) by performing a Mann-Whitney-Wilcoxon Test to judge the expression differences between the two PAM50 subtypic populations. This test was performed on all genes in the dataset for comparisons, and we used the Benjamini Hochberg procedure to adjust p values for multiple testing. By this multi-testing scheme, an interactor was classified as BLBC/basal if its expression level was significantly greater (adjusted p value \< 0.05) for the basal patients. Likewise, an interactor was classified as luminal if its mRNA expression level was statistically greater for the luminal patients (adjusted p value \< 0.05).

From a systems view, hierarchical clustering resulted in patient-specific mRNA expression patterns for all PAM50-subtypic G9a interactors in TCGA patients ([Figure 3](#fig3){ref-type="fig"}A). We found a similar statistically significant interaction-correlated expression pattern (iCEP) ([@bib52]) wherein the PAM50-subtypic G9a/GLP binding of some UNC0965-captured proteins showed *cis*-mRNA expression of the genes encoding these interactors in patients with the corresponding PAM50 subtypes ([Table S6](#mmc7){ref-type="supplementary-material"}). Briefly, 94 of 138 BLBC/basal G9a interactors showed basal iCEPs in the TCGA patients, including 77 interactors (82%) that displayed basal iCEPs in both TCGA and METABRIC patients ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}). Conversely, among 129 luminal G9a interactors, only twenty-nine showed iCEPs across various luminal subtypes ([Figures 3](#fig3){ref-type="fig"}C and [S4](#mmc1){ref-type="supplementary-material"}), whereas sixty-eight had higher expression in patients with BLBC. Notably, it is not surprising to observe fewer luminal interactor genes with statistically significant iCEPs because, compared with BLBC/basal subtypes, there are more diverse receptor-based luminal subtypes, including luminal-A and luminal-B. Nevertheless, the patient mRNA overexpression pattern of G9a/GLP interactor genes automatically clustered patients with BC (TCGA and METABRIC) based on the PAM50-classified subtypes for which these interactors were identified, confirming the pathological accuracy of UNC0965 in sorting the predominant tumor phenotype in a tissue. Importantly, our iCEP findings demonstrated that ChaC discovers the interactor-encoding genes as new BC-subtypic classifiers, i.e., these genes are fully translated into oncogenically active G9a/GLP interactors in a PAM50-subtypic manner.Figure 3Genes that Encode PAM50-subtypic G9a Interactors Show Statistically Significant Overexpressed mRNAThe expression values for the PAM50-subtypic G9a interactor genes were obtained from the cBioPortal (mRNA expression Z scores compared with diploid tumors) for all TCGA BRCA patients.(A) Heatmap for G9a interactor genes (rows) with mRNA expression from the TCGA sample set (columns). The TCGA samples and G9a interactor genes were clustered using unsupervised hierarchical clustering ("euclidean" distance and "ward" clustering method). The columns are annotated with PAMA50 subtype of each TCGA patient. The rows are annotated with the proteomic subtype of G9a interactors.(B and C) Box plots showing the statistically significant altered mRNA expression (x axis) for a sample set of basal G9a interactor genes (B) and a sample set of luminal G9a interactor genes (C). For each interactor gene, the distribution of mRNA expression for PAM50 basal-like TCGA patients (N = 136) is shown on the left in red, and for PAM50 luminal A and B patients (N = 560) it is shown on the right in blue. Outliers are indicated as circles. The median is indicated by the black bar inside each box. The mean is indicated by the cyan diamond. The mRNA expression as a *Z* score is displayed on the y axis. A Mann-Whitney-Wilcoxon Test was performed on each pair to judge differences in expression levels. This Mann-Whitney-Wilcoxon Test was performed on all genes in the TCGA dataset (n = ∼18,000), and the resulting p values were adjusted for multiple comparisons. Adjusted p values are displayed above the x axis for basal-like samples having greater expression (top line) and luminal samples having greater expression (bottom line). Adjusted p values \< 0.05 are red if expression is higher for basal-like and blue if expression is higher for luminal samples. [Figure S3](#mmc1){ref-type="supplementary-material"} shows the iCEP box plots for the complete set of basal G9a interactors. [Figure S4](#mmc1){ref-type="supplementary-material"} shows the iCEP box plots for the complete set of luminal G9a interactors.See also [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}; [Tables S5](#mmc6){ref-type="supplementary-material"} and [S6](#mmc7){ref-type="supplementary-material"}.

We then examined the PAM50 subtype distribution of copy-number alterations in the G9a interactor genes in the TCGA patient sets. Particularly, we performed a correlation analysis comparing increased mRNA expression with copy-number amplification of all G9a interactor genes. The mRNA expression (as *Z* score values) and copy-number (as GISTIC values) data were downloaded from the cBioPortal for Cancer Genomics (<http://www.cbioportal.org/>) ([@bib7], [@bib12]). Based on copy-number status, we separated the TCGA samples into a deletion/diploid group (GISTIC values of 0, -1, or -2) and a gain/amplification group (GISTIC values of 1 or 2). We performed a Mann-Whitney-Wilcoxon Test to judge whether the mRNA expression values were greater for the gain group compared with the deletion/diploid group. This test was performed on over 18,000 genes (with both mRNA expression and GISTIC data), and p values were adjusted for multiple testing using the Benjamini Hochberg procedure. We identified 110 luminal and 117 BLBC/basal interactor genes that showed significant correlations between mRNA overexpression and copy-number gain/amplification in TCGA luminal A/B (n = 590) or basal samples (n = 136) (adjusted p value \< 0.05, [Table S7](#mmc8){ref-type="supplementary-material"}).

Identification of Tumor-proliferative G9a Interactors with Multi-omics Aberrations {#sec2.5}
----------------------------------------------------------------------------------

Because proliferation is a luminal BC characteristic, we next searched for G9a interactors bearing mRNA-expression or DNA copy-number aberrations that are characteristic of proliferative tumors. Using the proliferation scores of individual patients recruited for the TCGA BRCA study ([@bib8]) we performed a correlation analysis of PAM50-subtypic interactors, comparing mRNA expression with the tumor proliferation scores for luminal A/B (n = 590) and basal patients (n = 136). We separated the TCGA samples into high-proliferation-score (top 25%) and low-proliferation-score (bottom 75%) groups. A Mann-Whitney-Wilcoxon Test was used to judge whether the mRNA expression values were greater for the high-proliferation-score group compared with the low-proliferation-score group. This test was performed on over 18,000 genes, and p values were adjusted for multiple testing using the Benjamini Hochberg procedure. We identified forty-five luminal and twenty-three basal interactor genes that showed significant correlations between increased mRNA expression and a high proliferation score (adjusted p value \< 0.05, [Table S8](#mmc9){ref-type="supplementary-material"}).

Similarly, by performing a Fisher\'s Exact Test for Count Data, we identified eighty-two luminal interactors that had a statistically significant correlation between copy-number amplification (CNA) and a high proliferation score (adjusted p value \< 0.05, [Table S9](#mmc10){ref-type="supplementary-material"}). We did not find any basal interactors with significant correlation between copy-number amplification and proliferation score. Because a strong basal-specific iCEP was observed for most of basal interactors, we reasoned that mRNA over-expression of basal interactor genes is the primary driver of proliferation/invasion in basal patients.

Drivers of Proliferative Luminal Tumors Have Multi-omics Aberrations in Patients with Poor Prognosis {#sec2.6}
----------------------------------------------------------------------------------------------------

Because patients with proliferative or invasive tumors often have poor prognosis, we performed the KM survival analysis to determine prognosis for patients whose luminal G9a interactor genes showed both CNA (a GISTIC score of 1 or 2) and mRNA overexpression (a *Z* score of mRNA expression in the top 50%) that correlated with high proliferation scores. The statistically significant overall survival was determined by a p value and hazard ratio. We identified ([Figure 4](#fig4){ref-type="fig"}A) twenty-nine luminal interactor genes with proliferation-correlated CNA and mRNA over-expression. Among these genes, *C8orf33, EIF2S2*, and *EIF6* were also found in the RNAi dataset of genes essential for luminal cell line viability. *EIF2S2* and *EIF6* are essential genes of proliferative luminal breast tumors ([@bib14]). To identify new driver genes that are amplified uniquely in proliferative luminal tumors, we investigated which interactor genes are located in genomic regions with increased amplification frequency and have a coordinate increase in mRNA expression in patients with poor prognosis. For example, seven luminal interactors with multiple correlations ([Figures 5](#fig5){ref-type="fig"}A and [S6](#mmc1){ref-type="supplementary-material"}) were found on the q arm of chromosome 8 with copy-number amplification frequencies of 51%--56% ([Figure 4](#fig4){ref-type="fig"}B, [Table S10](#mmc11){ref-type="supplementary-material"}). Specifically, *C8orf33, BOP1,* and *RPL8* are located at 8q24.3, *RPL7 and STAU2* at 8q21.11, *RRS1* at 8q13.1, and *RPL30* at 8q22.2. *RPL7* and *STAU2* are near each other, separated by one gene ([Figure S5](#mmc1){ref-type="supplementary-material"}). Patients with copy-number amplifications for all of these individual genes with proliferation-multi-omics correlations ([Figures 5](#fig5){ref-type="fig"}A and [S6](#mmc1){ref-type="supplementary-material"}) have poor overall survival in TCGA and/or METABRIC (p values ranging from 0.001 to 0.068) ([Figures 6](#fig6){ref-type="fig"}A and [S7](#mmc1){ref-type="supplementary-material"}, [Table S11](#mmc12){ref-type="supplementary-material"}). Patients with *STAU2* mRNA overexpression in both TCGA and METABRIC ([Figure 6](#fig6){ref-type="fig"}A) have poor survival. mRNA overexpression of *C8orf33* in TCGA (no data in METABRIC) indicates poor survival. Patients with mRNA overexpression of *RRS1, RPL8,* and *BOP1* have poor survival in METABRIC ([Figure S8](#mmc1){ref-type="supplementary-material"}, [Table S12](#mmc13){ref-type="supplementary-material"}).Figure 4G9a Interactor Genes Found with Highly Frequent Copy-number Amplifications(A) Venn diagram showing overlap of mRNA versus copy number, mRNA versus proliferation, and copy number versus proliferation correlations for the 129 luminal G9a interactors. UCSC Genome Browser views of four examples of clusters of luminal G9a interactors located in amplified chromosomal regions in TCGA luminal patient samples: (B--E) (B) *RRS1, RPL7, STAU2, RPL30, BOP1, RPL8,* and *C8orf33* on the q arm of chromosome 8; (C) *EIF2S2, EIF6,* and *STAU1* on the q arm of chromosome 20; (D) *RPL38, LLGL2,* and *P4HB* on the q arm of chromosome 17; (E) *DDX23, ZNF385A, WIBG,* and *RPS26* on the q arm of chromosome 12. For each view, the frequency of luminal TCGA samples with copy-number gain (segmentation mean \>0.1) (red) and copy-number loss (segmentation mean \< −0.1) (blue) is indicated.See also [Figure S5](#mmc1){ref-type="supplementary-material"}; [Tables S7](#mmc8){ref-type="supplementary-material"}, [S8](#mmc9){ref-type="supplementary-material"}, [S9](#mmc10){ref-type="supplementary-material"}, and [S10](#mmc11){ref-type="supplementary-material"}.Figure 5Multi-omics Identification of Proliferative Luminal DriversExample correlation plots for luminal G9a interactor genes in the following rows: (A) *STAU2*, (B) *EIF2S2*, (C) *LLGL2*, (D) *DDX23*. (Left) Box plots showing the distribution of mRNA expression for luminal samples with a GISTIC values of 1 or 2 (AMP) compared with GISTIC values of 0, -1, or -2 (DEL/diploid). The percent of luminal TCGA samples in each group is indicated. The adjusted p value as determined by a Mann-Whitney-Wilcoxon Test is displayed to indicate the significance of the AMP group having higher mRNA expression. (Middle) Box plots showing the distribution of mRNA expression for luminal samples with a proliferation score in the top quartile compared with all the other samples. The adjusted p value as determined by a Mann-Whitney-Wilcoxon Test is displayed to indicate the significance of the Top Quartile group having higher mRNA expression. (Right) Bar plots showing the frequency of samples with an amplification (GISTIC values of 1 or 2) for the indicated gene for luminal samples with a proliferation score in the top quartile compared with all other samples. The adjusted p value as determined by a Fisher\'s Exact Test for Count Data is displayed to indicate the significance of the Top Quartile group having a significantly greater amplification frequency.See also [Figures S6](#mmc1){ref-type="supplementary-material"}, [S9](#mmc1){ref-type="supplementary-material"}, [S12](#mmc1){ref-type="supplementary-material"}, and [S15](#mmc1){ref-type="supplementary-material"}; [Tables S7](#mmc8){ref-type="supplementary-material"}, [S8](#mmc9){ref-type="supplementary-material"}, and [S9](#mmc10){ref-type="supplementary-material"}.Figure 6Survival Analysis of Proliferative Luminal DriversExample Kaplan-Meier survival analysis plots for luminal G9a interactor genes in the following rows: (A) *STAU2*, (B) *EIF2S2*, (C) *LLGL2*, (D) *DDX23*. Columns 1 and 2 show Kaplan-Meier survival analysis plots for luminal samples with copy-number amplification (GISTIC score of 1 or 2) (red line)versus copy-number deletion or diploid (GISTIC score of 0, -1, or -2) (blue line) in luminal TCGA samples (column 1) and luminal METABRIC samples (column 2). Columns 3 and 4 show Kaplan-Meier survival analysis plots for luminal samples with mRNA overexpression (*Z* score \> median *Z* score) (red line) compared with samples not showing mRNA overexpression (*Z* score \< median *Z* score) (blue line) in luminal TCGA samples (column 3) and luminal METABRIC samples (column 4). For the Kaplan-Meier plots, "N" refers to "Number of samples" and "NE" refers to "Number of Events." The number of events is for OS status = "DECEASED.""Mdn" indicates the median months survival. The log rank p value and Hazard Ratio (HR) with 95% Confidence Interval (CI) between the two groups are indicated in each plot.See also [Figures S7](#mmc1){ref-type="supplementary-material"}, [S8](#mmc1){ref-type="supplementary-material"}, [S10](#mmc1){ref-type="supplementary-material"}, [S11](#mmc1){ref-type="supplementary-material"}, [S13](#mmc1){ref-type="supplementary-material"}, [S14](#mmc1){ref-type="supplementary-material"}, [S16](#mmc1){ref-type="supplementary-material"}, and [S17](#mmc1){ref-type="supplementary-material"}; [Tables S11](#mmc12){ref-type="supplementary-material"} and [S12](#mmc13){ref-type="supplementary-material"}.

*EIF2S2* and *EIF6* are located at 20q11.22 with copy-number amplification frequencies of 40% and 43%, whereas *STAU1* is located at 20q13.13 with an amplification frequency of 46% ([Figure 4](#fig4){ref-type="fig"}C, [Table S10](#mmc11){ref-type="supplementary-material"}). Of particular interest, both *EIF2S2* and *EIF6* are essential for cell proliferation ([@bib14]). These individual genes have poor survival for METABRIC patients with correlations between CNA and mRNA overexpression ([Figures 5](#fig5){ref-type="fig"}B, [6](#fig6){ref-type="fig"}B, and [S9--S11](#mmc1){ref-type="supplementary-material"}, [Tables S11](#mmc12){ref-type="supplementary-material"} and [S12](#mmc13){ref-type="supplementary-material"}). mRNA overexpression of *EIF2S2* also showed a statistically significant (p value = 0.046) poor prognosis for TCGA patients.

Also, METABRIC patients with poor prognosis associated with copy-number amplifications (p value ranging from 0.049 to 0.059) possessed three luminal interactor genes (RPL38, LLGL2, P4HB) that had all correlations and were located at 17q25 with CNA frequencies of 35%--36% ([Figures 4](#fig4){ref-type="fig"}D, [5](#fig5){ref-type="fig"}C, [6](#fig6){ref-type="fig"}C, and [S12--S14](#mmc1){ref-type="supplementary-material"}, [Tables S10](#mmc11){ref-type="supplementary-material"}, [S11](#mmc12){ref-type="supplementary-material"}, and [S12](#mmc13){ref-type="supplementary-material"}). In addition, poor prognosis was associated with *LLGL2* copy-number amplifications in TCGA patients (p value = 0.068) and mRNA overexpression in METABRIC patients (p value = 0.011). Four luminal interactor genes (*DDX23, ZNF385A, WIBG, RPS26*) located at 12q13, when amplified, showed poor survival in both TCGA and METABRIC patients (p values \< 0.001, with the exception of WIBG, which has no data in METABRIC) ([Figures 4](#fig4){ref-type="fig"}E, [5](#fig5){ref-type="fig"}D, [6](#fig6){ref-type="fig"}D, and [S15--S17](#mmc1){ref-type="supplementary-material"}, [Tables S10](#mmc11){ref-type="supplementary-material"}, [S11](#mmc12){ref-type="supplementary-material"}, and [S12](#mmc13){ref-type="supplementary-material"}).

Crucially, the functions of some interactor genes have been individually linked to tumor survival and invasion. *BOP1* was implicated in dysregulated ribosome biogenesis that promotes metastatic breast cancer cells to the brain ([@bib25]), and genetic aberration in the *BOP1* chromosomal location 8q24 is associated with a risk of colorectal cancer ([@bib17]). The ribosomal protein *RPL8,* also a known G9a substrate, has an established correlation to chemotherapeutic response ([@bib47]). *C8orf33* was found significantly upregulated in breast cancer drug treatment ([@bib30]). Finally, mRNA overexpression of *EHMT2* indicated poor prognosis for luminal patients in the METABRIC dataset ([Table S12](#mmc13){ref-type="supplementary-material"}).

Drivers of Invasive Tumors Show Multi-omics Aberrations in Patients with Poor-prognosis BLBC {#sec2.7}
--------------------------------------------------------------------------------------------

Distinct from most of luminal G9a interactors, the majority of BLBC/basal interactor genes showed iCEP, which indicated strong correlations between the oncogenic consequences represented by enhanced G9a binding and their mRNA overexpression in basal patients ([Figures 3](#fig3){ref-type="fig"} and [S3](#mmc1){ref-type="supplementary-material"}). [Figure 7](#fig7){ref-type="fig"}A summarizes the distribution of basal interactors with correlations in iCEP; and/or mRNA overexpression, CNA, proliferation score; and/or a high CNA frequency (\>= 40%). For example, fifty-one basal G9a interactors were found with high percentage of CNAs ([Table S10](#mmc11){ref-type="supplementary-material"}). The chromosomal location of BLBC/basal G9a interactors with frequent CNAs is shown in [Figures 7](#fig7){ref-type="fig"}B and 7C.Figure 7Multi-omics Correlated Identification of Drivers of Invasive Basal Tumor(A) Venn diagram showing overlap of basal G9a interactors with mRNA versus copy number, mRNA versus proliferation, and basal iCEP correlations, and an amplification (GISTIC values of 1 or 2) frequency greater or equal to 40%.(B) UCSC Genome Browser view showing location of basal G9a interactors (*MRPS21, PRPF3, SPRR1A, S100A6, ILF2, GPATCH4*) located in the 1q21-23 region of chromosome 1.(C) UCSC Genome Browser view showing location of basal G9a interactors (*NOL7, DEK, HIST1H1A, HIST1H1C, HIST1H1E, ABT1, EHMT2, HMGA1, RPS10*) located in an amplified region on the p arm of chromosome 6. For each view, the frequency of basal TCGA samples with copy-number gain (segmentation mean \>0.1) (red) and copy-number loss (segmentation mean \< −0.1) (blue) is indicated.See also [Figures S20](#mmc1){ref-type="supplementary-material"} and [S21](#mmc1){ref-type="supplementary-material"}; [Tables S7](#mmc8){ref-type="supplementary-material"}, [S8](#mmc9){ref-type="supplementary-material"}, [S9](#mmc10){ref-type="supplementary-material"}, and [S10](#mmc11){ref-type="supplementary-material"}.

Among the interactors that showed at least two correlations, we searched for new invasion driver genes with proliferation-correlated multi-omics aberrations in basal patients with poor prognosis. Unlike luminal G9a luminal interactors, only a few basal G9a interactors individually were associated with poor prognosis ([Tables S13](#mmc14){ref-type="supplementary-material"} and [S14](#mmc15){ref-type="supplementary-material"}). For example, in the overall survival (OS) analysis of the TCGA ([@bib8]) ([Figure 8](#fig8){ref-type="fig"}A, p 0.128) and METABRIC ([@bib9]) ([Figure 8](#fig8){ref-type="fig"}B, p 0.288) patient data, overexpression of G9a (*EHMT2*) *alone* was not significantly prognostic. We therefore performed KM survival analysis to identify which *combinations* of multiple basal G9a interactor genes showed co-aberrations in mRNA expression and/or CNAs in basal patients having invasive tumors. We defined the altered group as patients with an mRNA expression *Z* score in the top 50% for all the genes in the combination. For this analysis, we examined basal patient samples from both TCGA (n = 136) and METABRIC (n = 198).Figure 8Identification of Driver Genes Showing Co-overexpression/Co-amplification in Patients with Poor PrognosisKaplan-Meier survival analysis indicates that altered mRNA expression of G9a interactor genes is prognostically significant in marking distinct patient subpopulations within single PAM50 subtypes.(A, C, and E) Overall survival (OS) plots of TCGA patients with the BLBC subtype (n = 136).(B, D, and F) Overall survival (OS) plots of METABRIC patients with the BLBC subtype (n = 198).For (A and B) the altered group (red line) is samples with mRNA overexpression (*Z* score \> median *Z* score) for EHMT2. The non-altered group (blue line) is samples not showing mRNA overexpression (*Z* score \< median *Z* score) for EHMT2. For the other panels, the altered group (red line) is samples with mRNA co-overexpression (*Z* score \> median *Z* score for all genes in the combination) for EHMT2, PRPF6, XRN2, and YBX3 (C and D) and DDX50, EHMT2, ILF2, and SURF6 (E and F). The non-altered group (blue line) is the remaining samples not showing mRNA co-overexpression for the same genes. "N" refers to "Number of samples" and "NE" refers to "Number of Events." The number of events is for OS status = "DECEASED." "Mdn" indicates the median months survival. The log rank p value and Hazard Ratio (HR) with 95% Confidence Interval (CI) between the two groups are indicated in each plot.See also [Figures S18](#mmc1){ref-type="supplementary-material"} and [S19](#mmc1){ref-type="supplementary-material"}; [Tables S13](#mmc14){ref-type="supplementary-material"} and [S14](#mmc15){ref-type="supplementary-material"}.

First, co-overexpression of G9a and its interactor genes *PRPF6, XRN2,* and *YBX3* ([Figures 8](#fig8){ref-type="fig"}C and 8D) or *DDX50, ILF2,* and *SURF6* ([Figures 8](#fig8){ref-type="fig"}E and 8F) was observed in both TCGA and METABRIC basal patient subsets with poor survival. *XRN2* (20p11.22) and *PRPF6* (20q13.33), located on different arms of chromosome 20, showed an mRNA expression versus copy-number correlation ([Table S7](#mmc8){ref-type="supplementary-material"}) with a high CNA frequency ([Table S10](#mmc11){ref-type="supplementary-material"}). Overexpression of *PRPF6* has a role in colorectal cancer tumor growth by promoting alternative splicing of genes involved in cell proliferation ([@bib1]). Copy-number amplifications of *PRPF6* correlated with this overexpression of *PRPF6* in colon tumors. *DDX50, ILF2,* and *SURF6* are basal iCEP genes ([Figure S3](#mmc1){ref-type="supplementary-material"} and [Table S6](#mmc7){ref-type="supplementary-material"}) showing a correlation between mRNA overexpression and CNA ([Table S7](#mmc8){ref-type="supplementary-material"}).

Also, BLBC/basal patients with the worst prognosis possessed co-overexpression of multiple interactor genes with highly frequent CNA that correlated with mRNA overexpression, including *HNRNPF, ILF3,* and *MRPL39* ([Figures S18](#mmc1){ref-type="supplementary-material"}A and S18B); *EHMT1, EHMT2,* and *ILF3* ([Figures S18](#mmc1){ref-type="supplementary-material"}C and S18D); and *DDX56, FBL,* and *HNRNPF* ([Figures S18](#mmc1){ref-type="supplementary-material"}E and S18F). *HNRNPF* and *MRPL39* also showed an mRNA overexpression versus proliferation correlation. Each of these genes in a prognostically significant combination is located on different chromosomes. *HNRNPF* has a role in cell proliferation ([@bib15]) and is a potential biomarker for colorectal cancer progression ([@bib4]). The transcription factor ILF3 promotes sustained urokinase-type plasminogen activator expression in metastatic breast cancer cells ([@bib19]). Furthermore, we identified ten panels of multiple G9a interactor genes that showed at least two correlations ([Figure 7](#fig7){ref-type="fig"}A) and co-overexpression of interactor genes in each panel was found in basal patient subsets with poor prognosis ([Figure S19](#mmc1){ref-type="supplementary-material"}).

Many basal interactor genes with iCEP are located in chromosomal regions that show high CNA frequencies in TCGA patients with BLBC ([Figures 7](#fig7){ref-type="fig"}B and 7C). Of special interest, certain pairs of G9a interactors are directly adjacent to one another in the genome ([Figure S20](#mmc1){ref-type="supplementary-material"}). Particularly interesting is the clustering of iCEP interactors located at genomic loci 1q21 (*MRPS21, PRPF3, S100A6, ILF2, SPRR1A*) and 1q23 (*GPATCH4*) where *MRPS21* and *PRPF3* (1q21.2) are immediate neighbors with 89% CNA frequency ([Figures 7](#fig7){ref-type="fig"}B and [S20](#mmc1){ref-type="supplementary-material"}A). These interactors have a consistently high CNA level in the TCGA patients compared with most other interactors ([Figure S21](#mmc1){ref-type="supplementary-material"}). The 1q21-23 region is amplified uniquely in human BLBC, and it contains breast cancer driver genes ([@bib46]). Also, in amplified regions of chromosome 6, a pair of interactor genes, *HMGA1* and *RPS10* (6p21.31), showed about a 50% CNA frequency and are separated by only two genes ([Figure S20](#mmc1){ref-type="supplementary-material"}E).

Similar to luminal tumor proliferation drivers, the functions of some interactor panel genes have been individually characterized as drivers of proliferative or invasive tumor. The secreted protein CYR61 promotes BLBC/TNBC metastasis ([@bib20], [@bib42]). LYAR, a ribosome-associated protein, is a key regulator of the migration and invasion of human CRC cells ([@bib57]) and a regulator of translation associated with cell proliferation ([@bib59]). *Recently, using CRISPR/Cas9-mediated knockdown of LYAR in the invasive BLBC MDA-MB-231 cells, we characterized LYAR as a driver of invasive breast tumor* ([@bib52]). DEK promotes tumor growth, cellular motility, and invasion in breast cancer ([@bib40]). NIFK has a role in lung cancer progression, and increased NIFK expression was associated with poor prognosis in patients with lung cancer ([@bib26]). DDX21 is involved in breast cancer proliferation by promoting AP-1 activity and rRNA processing ([@bib60]). DDX3X promotes breast cell proliferation by inhibiting the expression of KLF4, a cell cycle repressor ([@bib5]). Overexpression of rRNA methyl-transferase FBL causes altered rRNA methylation patterns leading to decreased translation fidelity and translation of cancer-related genes from internal ribosome initiation sites ([@bib33]). Uniquely, ChaC identified these proteins as G9a interactors in the networked pathways that drive invasive BLBC ([Figure 2](#fig2){ref-type="fig"}A). *HMGA1* drives metastatic progression in TNBC cells ([@bib43]).

Discussion {#sec3}
==========

Genome-wide studies of patients with breast cancer have generated enormous amounts of genomic and transcriptomic data. Still, sizable additional efforts, such as xenotransplantation amplification of tumor fractions and predictive score modeling ([@bib35]) are required to determine which genomic/transcriptomic aberrations are of oncogenic significance. Also, invasive tumors often evolve heterogeneously, producing subclones different from the earlier specimen from which a treatment decision was made. Either because of low phenotypic accuracy of genomics and transcriptomics or low MS proteomic phenotypic coverage of individual patient\'s alterations, single-omics approaches usually fail to dissect this intra-tumor heterogeneity. Thus, for optimized therapeutic decisions, we require new multi-omics methods that enable real-time diagnostic identification of drivers or druggable targets in evolving tumor tissue.

We demonstrate that ChaC is a simple, robust method enabling *in situ,* efficient dissection of intra-tumor heterogeneity to *identify the genetic and transcriptomic alterations that manifest as oncogenically active proteins*. Because it specifically binds with antibody-like affinity (IC~50~ \< 2.5 nM) to the enzymatically (oncogenically) active form of G9a, the G9a ChaC probe UNC0965 can capture and enrich endogenous, oncogenically active G9a/GLP-interacting epiproteomes for subsequent, focused MS/MS characterization. This front-end epiproteomic enrichment avoids interfering signals from non-tumor-related proteins in other cell types, especially neighboring non-malignant cells in which G9a/GLP is less enzymatically active. Accordingly, our cross-referencing LFQ data confirmed that the G9a/GLP affinities of UNC0965-captured proteins were quantitatively correlated or conserved in similar tumor phenotypes across different sample types, from homogeneous cell lines to heterogeneous tumor tissues ([Figure 1](#fig1){ref-type="fig"}D). This quantitative consistency confirms that UNC0965 can directly sort the G9a/GLP-interacting proteins that represent the predominant tumor phenotype in the tissue microenvironment.

ChaC is a generic technique for the rapid *in situ* characterization of endogenous, tumor-phenotypic epigenetic regulatory protein complexes. The small molecule chemoprobe substitution for an antibody facilitates the integration of a simple, on-bead sample processing with LFQ LC-MS/MS characterization. Unlike antibodies, a ChaC probe does not disrupt protein complexes, and ChaC probes eliminate concerns about antibody cross-reactivity. Also, the tight association between biotin and NeutrAvidin minimizes sample loss and enables extensive washing to remove MS-incompatible contaminants, e.g., detergents, salts, and nonspecific proteins, so retained proteins can be immediately subjected to reduction, alkylation, and on-bead tryptic digestion. Because tryptic digests of large antibodies (\>150 kDa) may suppress the peptide signals from low-abundance proteins, the smaller NeutrAvidin (60 kDa) is particularly suitable for on-bead digestion. Concurrently, the specificity and sensitivity of MS is fully utilized for focused analysis of the low-abundance, tumor-phenotypic G9a epiproteomes that are thereby "teased out" from thousands of other proteins in a cancer proteome, making ChaC applicable to clinical isolates of a few million "sorted" cells. Thus, ChaC eliminates tedious, clinically incompatible steps and yields rapid and precise identification of oncogenically active proteins in clinical isolates without diluting information about tumor invasiveness.

ChaC-identified G9a/GLP interactors over-represented the regulatory pathways/networks associated with tumor cell viability such as RNA processing, translation, ribosomal biogenesis, and protein synthesis, the major hallmarks of tumor growth, survival, and invasion. These findings are consistent with the fact that G9a/GLP small molecule inhibitors suppressed BC cell growth and survival *in vitro* ([@bib6]) and inhibited epithelial-mesenchymal transition-mediated invasion of aggressive BLBC cells ([@bib29]). Thus, ChaC can measure *in vivo* oncogenic pathway activity by identifying *in situ* particular chromatin proteins with tumor-phenotypic G9a/GLP interactions, as opposed to extrapolations of pathway activity based on gene-expression analyses ([@bib14]).

Because of low MS sensitivity, only small portions of a proteome can be sequenced. Thus, quantitative profiling of global protein expression differences in TCGA samples has produced MS/MS-sequenced peptides that match less than 5% of the BC-related, genomic/transcriptomic variants ([@bib34], [@bib41]). This low coverage considerably limits information about individualized tumor-phenotypic alterations. Our iC-MAP method has overcome this problem by linking tumor-phenotypic data (epiproteomes) to tumor-genotypic data with comprehensive coverage of individualized alterations. In this regard, without cost- and labor-intensive sampling and genome-wide fishing exploration, akin to "finding a needle in a haystack," ChaC pinpoints particular tumor-phenotypic driver genes with prognostically significant multi-omics alterations; these driver genes would otherwise be indistinguishable from non-tumor-related genes in transcriptomic or genetic profiles. Specifically, the retrospective population-based analyses of TCGA and METABRIC patient data revealed iC-MAP wherein select ChaC-identified G9a interactors had proliferation scores that aligned with highly frequent copy-number amplifications and/or mRNA overexpression. This connection indicates that these interactor genes are fully translated into the oncogenically active proteins in patients with proliferative or invasive tumor. Furthermore, iC-MAP enables a multi-omics dissection of the intra-tumor or interpatient heterogeneity within single PAM50 subtypes that is far more complicated than might be predicted from genetic or transcriptomic aberrations alone. iC-MAP also identified the mRNA-overexpression or CNA profiles of interactor genes that are prognostically meaningful in distinguishing the subsets of luminal or BLBC patients with distinct clinical outcomes in multiple patient databases.

Notably, the goal of the current study was not to build a "perfect" prediction model for personal prognosis but rather to identify candidate genes that serve as interacting partners to G9a that function as drivers of proliferation or invasion and which may represent therapeutically actionable targets. Thus, the prognostic capacity of these genes, while noted, serves as a filtering step and these analyses have not been subjected to multiple comparison correction. Multivariate analysis has been previously reported for EIF2S2 and EIF6 ([@bib14]) in combination with standard clinical parameters including proliferation. Given that the identified genes correlate with proliferation ([Figure 4](#fig4){ref-type="fig"}), which is probably one of the strongest known prognostic feature for breast cancers, we would not expect that these genes, or combination of genes, would appreciably add to the overall prognostic model when proliferation was included within the multivariate analysis model; this observation was true for both EIF2S2 and EIF6 in the previously cited study. However, as we have noted, many of the identified genes are co-amplified or co-expressed. As illustrated in [Figure S19](#mmc1){ref-type="supplementary-material"}, accounting for co-overexpression does in fact improve the prognostic capacity of some sets of genes.

Ultimately, not all identified genes will be able to function as prognosis predictive biomarkers at both the mRNA and/or DNA copy-number level. As would be expected, differences in prognostic capacity between mRNA and DNA copy-number status for a given gene may reflect different mechanisms by which each gene is activated/regulated in addition to DNA copy-number status. We will note, however, that the DNA copy-number status and mRNA levels of the vast majority of the identified genes were prognostic in the METABRIC study, whereas less robust results were observed in the TCGA cohort. These differences likely reflect differences in the completeness of the clinical data in each dataset---the TCGA clinical follow-up time is ∼2 years (24.3 months), whereas the METABRIC dataset has a more clinically relevant 7.2-year follow-up.

In the clinic, quantitative PCR assays on our identified interactor genes could stratify patient treatment regimes, i.e., how will individual patients respond, will they develop resistance, and what are the most appropriate, optimized drug or dose? Thus, clinicians will use these prognostically meaningful biomarkers to select, within the early window of opportunity for cure, personalized therapeutic strategies with the highest likelihood of success for each luminal or BLBC subpopulation, to assess therapeutic effectiveness and the risk of disease recurrence during treatment.

In sum, conceptually innovative, our iC-MAP results also revealed that the tumor heterogeneity resulting from complex interactions between genetic susceptibility and environmental perturbation is not driven by genomic aberrations alone but, instead, by dynamic, coordinated, multi-omics alterations. Guided by our ChaC breakthrough technology that enables *in situ* identification of driver proteins of subclonal heterogeneity in real time, iC-MAP further characterizes drivers of evolving proliferative or invasive subclones by continual acquisition of new genetic aberrations or punctuated clonal expansion. Because patients with proliferative luminal and invasive basal tumors are the clinical subsets for which most available therapeutic options are ineffective, our iC-MAP findings represent new diagnostic/prognostic markers to identify patient subsets with metastatic disease. Our findings also form the basis for precision therapeutic strategies that are matched to the proliferative or invasive potential of individual tumors.

Limitations of the Study {#sec3.1}
------------------------

To obtain statistically significant correlations for driver determination, iC-MAP requires both mRNA expression and copy-number aberration data from large patient cohorts. In addition, ChaC analysis is limited to freshly collected or frozen tissues and peripheral blood cells.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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